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Excited Light Mesons at COMPASS

* Inelastic scattering reactions of high-energetic meson beam
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» Strong interaction (Pomeron exchange) between beam meson and target proton
* Intermediate hadronic resonances X~ are created, then decay into n-body final state

— wide range of allowed (spin) quantum numbers

* Final-state particles measured in the spectrometer
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The COMPASS Experiment

Large-acceptance magnetic spectrometer @ CERN-SPS

Beam:
* Secondary hadrons (=, K™) at 190 GeV/c

* produced via primary proton beam from
SPS impinging on Be target S\

ECAL1

* Cherenkov detectors identify beam HCALL

particles

Spectrometer: Target
Muon Filter 2

* Liquid-hydrogen target

* Two-stage spectrometer setup around two
dipole magnets SM1/2 : %

2 / ’ Muon Filter 1
* Cherenkov detector (RICH-1) identifies 7 . * \
final-state particles in momentum range S Telegeipe RIGH

From COMPASS Collab., The COMPASS Setup for

° EM and had ronic Calorimeters’ tracking Physics with Hadron Beams (Nucl. Instrum. Methods

Phys. Res. A 779 (2014), pp. 69-115)
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Excited Light Mesons at COMPASS

We study the diffractive dissociation reaction T +p- KgK— +p
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Excited Light Mesons at COMPASS

We study the diffractive dissociation reaction T +p- KgK— +p

T K K >nnt

* Can be analyzed as two-body state, by
T reconstructing the X from decay daughters
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Excited Light Mesons at COMPASS

We study the diffractive dissociation reaction T +p- KgK— +p
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_ ... * Canbe analyzed as two-body state, by
K reconstructing the X from decay daughters

/ -
P X~ resonance content:

JPC =1-7,2%*% 37, ... from decay
p; odd] (suppressed)
a; even]

* Study excited p states, search for ay, ag

julien.beckers@tum.de



Excited Light Mesons at COMPASS

n‘+p—>K2K“+p

We study the diffractive dissociation reaction

™

K >nnt

P 1;’ * Can be analyzed as two-body state, by
x 10 COMPASS K¢ K~ reconstructing the X from decay daughters

0.75 _ ax(1320)
i ) * X~ resonance content:
>
= 0.50 - JPC =1-7,2%*% 37, ... from decay
= -
g p; odd] (suppressed)
2 0257 a; even]
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* Study excited p states, search for a,, ag
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Partial-Wave Decomposition

I(mX' t,; 0, d)) - Ilwfil2

» Separate process amplitude into partial waves
* Spin J and spin-projection M
P=C=(-1Y

Partial wave:
specific (JP¢M)
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Partial-Wave Decomposition

2
I(mX; t’; 0} ¢) —

D T 0 ) Yy (6,6)
™

(o K
» Separate process amplitude into partial waves
* Spin J and spin-projection M

* Production, propagation and decay of X~

Tym(my,t')

Partial wave:
specific (JP¢M)
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Partial-Wave Decomposition

2
I(mX; t,; 9; ¢) —

> T O, ) 1306, 9)
M

(o K
» Separate process amplitude into partial waves
* Spin J and spin-projection M

* Production, propagation and decay of X~

Tyy(my,t')
Ym0, ¢) = Y}W(H; )
IM| > 1

Partial wave:
specific (JP¢M)

(unnat. parity exchange ( € = —1) suppressed > M # 0 )
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Partial-Wave Decomposition

2
I(mX; t,) 0} ¢) —

> Ty(my, ) 1,(6,6)
]

(o K
» Separate process amplitude into partial waves
* Spin J and spin-projection M

* Production, propagation and decay of X~

Tyy(my,t')
Y;(0,¢) = Y/l (6,9)

Partial wave:
.pe PC
* Assume strong dominance of |M| =1 specific (J* ™~ M)

(unnat. parity exchange ( € = —1) suppressed > M # 0 )
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Partial-Wave Decomposition

I(mX; t,) 0} ¢) =

> Ty(my, ) 1,(6,6)
]

-
» Separate process amplitude into partial waves

* Spin J and spin-projection M

* Production, propagation and decay of X~

Tyy(my,t')
Y;(0,¢) = Y/l (6,9)

* Assume strong dominance of |[M| =1

* FitI(my,t’; 8, ¢) to data in (my, t') bins
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Partial wave:
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Ambiguities in the Partial-Wave Decomposition

Decomposition of intensity into {T;} is not unique (for any final state with two spin-0 particles)

Several sets of {7} lead to the same I(0, ¢) in each (my, t') bin

2
> 1 0, ¢)‘ -

2

10,¢) = > 1 ,0,9)
J

J
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Ambiguities in the Partial-Wave Decomposition

Decomposition of intensity into {T;} is not unique (for any final state with two spin-0 particles)

Several sets of {7} lead to the same I(0, ¢) in each (my, t') bin

2 2
1(6,¢) = ZTJ ¢,(9,¢)| = ZTJ Y(6,0)| Isin¢|?
J Ji J—1
D Y;'(6,0) = z y; tan®/ 6
a(0) =
Jmax—1 Jmax-1

a(f) = z ¢;({T}}) tan?(8) = c({T}}) l_[ (tanz(G) - rk({T]}))
J=0 / k=1 AN
a(tan’0 =1,) =0

root decomposition " ”
Barrelet zeros
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Ambiguities in the Partial-Wave Decomposition

Decomposition of intensity into {T}} is not unique (for any final state with two spinless particles)

Several sets of {7} lead to the same I(0, ¢) in each (my, t') bin

2 2
1(6,¢) = zT] 1/’](9: ¢)| = Z T] Y]1(9;0) |sin ¢|2

J J DR |

Fmax—1 2 i (T} (T}

=| > (1) an@)| Ising? i I |

j=0 i {c'} :

Jmax-1 ]max—li T i

= (2 1_[ [tan?(0) — 1 |? |sinp|? = c? iltan2(9) — 7, | |sin ¢|? i

k=1 k=1 |
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Continuous Amplitude Model
e

I. Continuous intensity model

1~ p(1450)
2+t q,(1320),a,(1700)
* create a model for the amplitudes in selected waves in my range 3-- None
* my-dependence by Breit-Wigner amplitudes (PDG parameters) 4+ a,(1970)
T(my) = {myx +/pa(my) - Ce'? Dpw (my; Mo, o)
b D' 7/ Y ~ ' -~
phase-space factor complex M, T,
scale MZ —m2 — iM,T,
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Continuous Amplitude Model

%1074 JPME =171* %1072 JPme =271t
I. Continuous intensity model ! 3
E 1.0-: E J
NE Nt Zj-
* create a model for the amplitudes in four waves .. 2N
g2 E 1 1
* my-dependence by Breit-Wigner amplitudes <
0.0 ' ' 0 i Y :
1.0 1.5 2.0 2.5 1.0 1.5 2.0 2.5
mg. k [GeV/c? mi.x [GeV/c?]
JPme =3"1* x1073 JPMe = 4% 1t
0.05 A
1.0 4
~ N )
z 0.00 2051
-0.05 1 0.0:
1.0 lfS 2.l0 25 1.0 115 2:0 25
mi,x [GeV/c?] mix [GeV/c?]
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Continuous Amplitude Model

%1073 JEME = 171*
I. Continuous intensity model Ny, =3 3 - i
] H sol. 1
' | sol. 2
- - - ' ‘
* Sample points in my and calculate ambiguous = £ 5°'a3|
. I mode
solutions & ;o
e 2 - |
o ] P
& ]
* Ambiguous intensities are also continuous 2 Y
é 1 't
8 1A P )
. . o . ' 1
* Not all solutions are different from each other! =] \
e 4%* intensity is invariant! -
: 2.5
o!,,!oo!/'/ .......... !
1.0 1.5 2.0 2. 1.0 1.5 2.0 2
mik [GeV/c?] misk [GeV/c?]

julien.beckers@tum.de

DPG Frihjahrstagung, March 20th, 2023




Continuous Amplitude Model

x1073 JPME =1"1* x 1072 JPME =2+1*
o o o 31 ;"~ sol. 1
I. Continuous intensity model Ny, =3 I col. 2 1 |
FE i sol. 3 :
LYy | model ]
o . LR ]
* Sample points in my and calculate ambiguous z | A
. =] 1 1o
solutions 211 /0 1
()/A, ,/:..I.,,.,'..,
* Ambiguous intensities are also continuous . - 20 25 190 13 20 23
%1073 JPME =371 x1073 JPME = 4+1+
| 101
* Not all solutions are different from each other! T 2- ‘
[ .
2 1 iA 0.5 -
* 47* intensity is invariant! 517 1| ‘
(),,()(),,
1.0 1.5 2.0 2. 1.0 1.5 2.0 255
MK K [GeV/cZ] Mg K [GCV/('Z]
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Continuous Amplitude Model

Continuous intensity model

solutions

4** intensity is invariant!

Sample points in my and calculate ambiguous

Ambiguous intensities are also continuous

Not all solutions are different from each other!

TRk TOCV/C 1

%1073 JPME =1"1* x 1072 JEME =2+17
3] 1l 1
X10—3 JPMG — 4+1+
sol. 1
10 N sol. 2
— sol. 3
- model
< :
C'\]_' 25
(SN
205 -
N
o
L
S
0.0 +== —— —
1.0 1.5 2.0 2.5
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Study of the Ambiguities

[l Resonances

I. Continuous intensity model

1~ p(1450)

2+t q,(1320),a,(1700)
* create a model for the amplitudes in selected waves in my range 3-- None
* my-dependence by Breit-Wigner amplitudes (PDG parameters) 4+ a,(1970)

Il. Finite pseudo-data

* reality: finite data and amplitudes unknown
e generate pseudo-data according to model

» perform a partial-wave decomposition fit

— 3000 attempts with random start values
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Partial-Wave Decomposition Fits on Pseudodata

%103 JEME=171* x10* JPME = 2+1*
Il. Finite pseudo-data B r — JPME = 4717 |
e 4% intensity is still invariant! %0 )
* Overall, amplitude values found by the fit ONE
follow the calculated distributions t 200 - X
* Not all solutions are found in each my bin 3 95)
— PWD fit distorts the intensity distribution! ; 1™ e
o 1.0 115 210 2.5
migk [GeV/c?]
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Partial-Wave Decomposition Fits on Pseudodata

Finite pseudo-data

4** intensity is still invariant!

"

* Overall, amplitude values found by the fit

* Not all solutions are found in each my bin
— PWD fit distorts the intensity distribution!

follow the calculated distributions

Intensity 772 [a.u.]

MK [GeV/c?]

mg g [GeV/c?)

x10° JPME=1"1* x10% JPME =241+
1.0 4 1
) 1.0 1 -
';: .
S,
v ]
> 0.5 1 0.5 -
g ﬁ .
CAK 1 o ';~'-
0.0 +* N—
0.0 o -'..-'. - . . ol o.'..-‘.'!l..:’._.’_'.__l_. . ey — .
1.0 1.5 2.0 25 1.0 LiS 2.0 2.5
><1()3 JPM€=3_1+ JPM€=4+]+
0.75 1 '...
]
0.50 1 200 - 5
0254 . \
0.00 Eortrmraa s e ettt vy ——————
1.0 1.5 2.0 2.5 1.0 1.5 2.0 2.5

DPG Friihja

hrstagung, March 20th, 2023

julien.beckers@tum.de



Partial-Wave Decomposition Fits on Pseudodata

Il. Finite pseudo-data

* 4*% intensity is still invariant!

* Overall, amplitude values found by the fit

follow the calculated distributions

* Not all solutions are found in each my bin
— PWD fit distorts the intensity distribution!
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Reducing the Ambiguities

* Intensity of highest-spin wave is unaffected by ambiguities

* Including M = 2 — additional angular information — resolves ambiguities

* Remove wave with | < J,ax — resolves ambiguities

Intensity 72 [a.u.]

100 A

50

JEME = 171F

1.5
mgk [GeV/c?]
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Conclusions

m~ +p > KJK™ + p allows selective study of a; states

Ambiguities appear in the partial-wave decomposition

Complex-conjugation of roots 1, = 1, ({T}}) of a(8) — ambiguous solutions for {7}

We have shown that the values {T}} can be calculated.

Our study shows that:
* Ambiguous amplitudes are continuous
* PWD fit seems to distort intensity and removes certain solutions

* Choice of included partial waves may suppress the ambiguities
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Outlook

* Improve reliability of PWD fit
* Perform partial-wave analysis of measured COMPASS KS‘?K‘ data

* Expect contributions with M = 2 from dominant /] = 2 partial wave in some my
— ambiguities may be resolved in these bins

— investigate influence of M = 2 in pseudodata

* Due to production mechanisms, odd | suppressed
— ambiguities may be resolved

— investigate influence of removing these waves from the PWD fit
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Thank you for your attention!
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QCD in the Resonance Region

* At low energies (hadron regime): QCD not solvable
perturbatively

* Theory: rely on models and effective theories, e.g.
quark model (hadrons as bound states of valence
quarks)

* Experimentally: precision measurements of
hadronic states and search for so-called exotic
states (forbidden in the quark model)

From B. Ketzer et al., Prog.Part.Nucl.Phys. 113 (2020)
103755, Light-Meson Spectroscopy with COMPASS
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Partial-Wave Decomposition

dN |2

I t':0,0) = = [M;;
(mx 30, 9) = o Gragag ~ Mre

(o K
» Separate process amplitude into partial waves
* Spin J and spin-projection M
] — L,M — ML

P=C=(-1Y

Partial wave:
specific (JP¢M)
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Partial-Wave Decomposition

dN 2
I(my,t’;0,¢) = dm.dt'dfde = XT](mX,t )Y;(6,9)
J
. : . ™ K
» Separate process amplitude into partial waves
* Spin J and spin-projection M Y — TS~ al L
Z - K

X rest frame

* Production, propagation and decay of X~ recoil
K- \ ,
v,

T]M (er t’) production

plane
%;(0, ) = Y1(6, ) -

_\y Partial wave:
—_— X
M=1 G 7Y specific (JF* M)

(reflectivity basis, ¢ = —1 suppressed - M # 0 )
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Partial-Wave Decomposition

!/ dN !/ ’
[my, £130,6) = G = > Ty(my,t) 1,(6,9)
X
J
. . : T B
» Separate process amplitude into partial waves = 160f
| “© 140F
* Spin J and spin-projection M { 12
]PD 4 loo:: _______
80F
. . — 60?-
* Production, propagation and decay of X 1wk
= oM, 20f
T;(my,t') = P(my,t’) D(my) s T i O
, 0.8
P;(6,¢) = Y} (6, ) |
or H : 1
[ [
M=1 ] ' .
P Partial wave:
0.2 | H PC
* FitI(my,t'; 6, ¢) to data in (my, t") bins: i specific (J* )
0 2 y ‘) l 2
d ChOOSG finite Set Of {]PC} I 2 . . J'I}T(jc\"] From B. Ketzer et al., Prog.Part.Nucl.Phys. 113 (2020)

103755, Light-Meson Spectroscopy with COMPASS
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Ambiguities in the Partial-Wave Decomposition

Decomposition of intensity into {T;} is not unique (for any final state with two spin-0 particles)

Several sets of {7} lead to the same I(0, ¢) in each (my, t') bin
- 80

T 70
T 60
- 50
- 40
- 30
T 20
- 10

-0
5 6
34
0.0 05 14 27§
) 25 30

2

(6, ¢)

1(6,¢) =

> T ,(0,4)
J

0

1+ 2i,14 + 3,0 + 04,

{7} = or
7+0i,2—7i,10 + 21,

julien.beckers@tum.de

DPG Frihjahrstagung, March 20th, 2023




Ambiguities in Incoherent Sectors

2 2
e=41: I(myt’;0,0) = Z T]R,(mx, t") ‘zpﬁw 6,0)| + Z Ty (my, t') Y5, (6, §)
Jmax - -
ay = Z Tjo Y°(6,0) e=-1,M=0
J=0
Jmax
a; = Z TLY'(6,00) e=-1M=1
J=1
Jmax
aif = ) THY'(6,0) e=+1,M=1
J=1

* ag = ag + aq,thensame procedure as for a single sector

« New amplitudes for ¢ = +1: |af|? = |a;|? — const. — positivity requirement!
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Continuous Amplitude Model

I. Continuous intensity model

* create a model for the amplitudes in four waves

* my-dependence by Breit-Wigner amplitudes

2 00 ”"fﬂ/\u
&~ 1 ']
o — =1
JP=2t
‘ // I JI)=3_
-0.1 1 V — J=a
1.0 1.5 2.0 2.5

mgsk [GeV/ 2]
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X rest frame
recoil

K-

production

plane —,

beam
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